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The [(PtMo0gO24)3H16]®, [(PtM0gO24)3H14]', and [(PtMog-
0,4)4H5]°" anions have been crystallized as tetra-n-butylam-
monium and tetra-n-butylammonium/triethylammonium
salts and structurally characterized using single-crystal X-ray
diffraction techniques. Together with the [(PtMogO,4),H7]%"
and [(PtMogO,4),He]”~ anions described by Lee and Sasaki

in 1994, these anions form a homologous series of hydrogen-
bonded aggregates where stacks of protonated [o-
PtMogO,4]% anions are stabilized by hydrogen-bonding in-
teractions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Sasaki, Lee, and Joo have reported a family of unusual
salts of the protonated [0-PtMo¢O,4]® hexamolybdoplatin-
ate anion (see Figure1), K;[(PtM0gO,4)>Ho]-6H,0,!-2
K5[(PtM06054)>Ho] 11H,0,21 and - (NH4)o[(PtM06054)-
H-]-3H,0,["1 where pairs of hexamolybdoplatinate anions
are connected by sets of seven hydrogen bonds. In the pres-
ent study, we report the crystallization and solid-state struc-
tures of the hydrogen-bonded hexamolybdoplatinate tri-
mers [(PtMogO54)3sH6]* and [(PtMo0gO54)3sH;4]'% and the
tetramer [(PtMogOs4)sHo3]”. This family of dimers, tri-
mers, and tetramers forms a homologous series that offers a
unique insight into the ability of polyoxometalates to form
hydrogen-bonded aggregates.

Results

Synthesis and Structure of the [(PtMogO54)sH3]°~
Tetramer

The hexamolybdoplatinate tetramer was prepared by
acidifying a solution of K,Pt(OH)e plus six equivalents of
K,;Mo00, and adding tetra-n-butylammonium bromide to
obtain a precipitate which was crystallized from acetoni-
trile/diethyl ether solution. This material, after removal
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Figure 1. Line drawing of the [a-PtM040,4]* anion. Terminal oxy-
gen atoms are labeled Oy, doubly bridging oxygen atoms are labeled
Oy, and triply bridging oxygen atoms are labeled O,. The relatively
short molybdenum-oxygen bonds to O; oxygen atoms are repre-
sented by double lines, the relatively long molybdenum-oxygen
bonds to Oy, oxygen atoms are represented by dashed lines, and the
remaining metal oxygen bonds are represented by single lines.

from its mother liquor, washing, and drying, had the com-
position [(PtMo0gO»4)4H»3][(n-C4Hg)4N]9*4H,O according
to elemental analysis. Examination of material crystallized
from acetonitrile/toluene solution using single-crystal X-ray
diffraction techniques revealed an asymmetric unit contain-
ing two acetonitrile molecules, 4.5 tetra-n-butylammonium
cations, half of a [(PtMo04O,4)4H,5]°~ anion, and a pair of
oxygen atoms assigned to water molecules. The crystalline
material was therefore formulated as [(PtMogO,4)4Hs3]-
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[(C4Hg)4N]94H,0-4CH;CN (1). A drawing of the rigor-
ously centrosymmetric [(PtMogO,4)4H,5]° anion and the
two inversion-related pairs of water molecule oxygen atoms
in compound 1 are shown in Figure 2; the atom labeling
Scheme and metrical data for 1 are given in Figure S1 and
Tables S1-S4 (see Supporting Information), respectively.

Figure 2. The C; structure of the [(PtMoO,4)4H;(H50,),]°~ anion
in crystalline 1. Molybdenum atoms are represented by grey
spheres, platinum atoms by black spheres, and oxygen atoms by
white spheres. Hydrogen atoms are represented by spheres color-
coded according to the types of oxygen atoms they are bonded to:
H33 atoms bonded to two triply bridging O. oxygen atoms (see
Figure 1 caption) are colored blue, H22 atoms bonded to two dou-
bly bridging O, oxygen atoms are colored green, H31 hydrogen
atoms bonded to O, and Oy oxygen atoms are colored red, and
H3w hydrogen atoms bonded to O, and Ow water oxygen atoms
are colored orange.

All twelve crystallographically-independent hydrogen
atoms in the rigorously centrosymmetric [(PtMogOs4)4-
H,;]° tetramer in crystalline 1 were located with difference
Fourier maps and included in the least-squares refinement
as independent isotropic atoms whose parameters were al-
lowed to vary. Pairs of adjacent [PtM040,4]®" anions in this
tetramer are linked by seven bridging hydrogen atoms that
form a centered hexagon. The hydrogen atoms at the cen-
ters of these hexagonal arrays, colored blue in Figure 2, link
two triply-bridging oxygen atoms labeled O, in Figure 1 and
are designated H33 hydrogen atoms. Two of the hydrogen
atoms in each of the surrounding hexagons, those colored
green in Figure I, link two O, doubly-bridging oxygen
atoms and are designated H22 hydrogen atoms. The four
remaining bridging hydrogen atoms, colored red in Fig-
ure 1, link O, triply-bridging oxygen atoms and O, terminal
oxygen atoms and are designated H31 hydrogen atoms. The
[(PtM0gO54)4H55]° tetramer also contains two terminally-
5080

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

bonded hydrogen atoms, those colored orange in Figure 1,
that are bonded to O, oxygen atoms and water molecule
oxygen atoms, and these hydrogen atoms are designated
H3w hydrogen atoms.

Both unsymmetrically and symmetrically bridging hydro-
gen atoms are observed in 1 (see Table S1). The H31 hydro-
gen atoms are all unsymmetrically bridging atoms, that is,
they are strongly (“covalently”) bonded to O, triply-bridg-
ing oxygen atoms and weakly bonded (“hydrogen bonded™)
to O, terminal oxygen atoms; the H22 hydrogen atoms are
unsymmetrically bonded to O, oxygen atoms in a similar
fashion. The two peripheral H33 hydrogen atoms are also
unsymmetrically bonded, but the central H33 atom lies on
the anion’s crystallographic inversion center and is symmet-
rically bonded to two O, oxygen atoms with d(O-H) =
1.291(3) A. Bonding to the H3w hydrogen atoms is also
symmetric, with d(O-H) = 1.42(4) A for both the O—H and
Ow-H bonds. Because the O-++O distance between the two
adjacent water molecules (see Figure 2) is only 2.665(18) A,
they are presumably linked by bridging hydrogen atoms and
together with the H3w hydrogen atom might form an
HsO,* unit. Crystalline 1 might therefore be assigned the
alternative formulation [(PtMo0gO14)4H5][H505],[(CsHo)s-
NJ]o-4CH;CN. If the relative strengths of the hydrogen
bonds in the [(PtMogOs4)sH,(H505),]” unit can be esti-
mated by comparing the O--O distances associated with
each type of hydrogen atom (see Table S2), the hydrogen
bonds involving H33, H31, and H3w hydrogen atoms,
where d(O-+0) = 2.543(4)-2.690(4) A, appear to be
stronger than the hydrogen bonds involving H22 hydrogen
atoms, where d(O--0) = 2.755(4)-2.850(5) A.

Comparison of metal-oxygen bond lengths in 1 shows
the influence of protonation and hydrogen bonding on the
geometry of [PtMogO-,4]® anions (see Table S3). Platinum—
oxygen bond lengths are relatively constant with d(Pt-O) =
1.983(3) — 2.013(3) A, but molybdenum-oxygen bond
lengths show far greater variations. Consider first the effect
of protonation and hydrogen bonding on Mo=0, and
Mo-+O, bond lengths in trans O;=Mo-+*O, units [see Fig-
ure 1 and Figure 3, (a)]. Lee and Sasakil'l have pointed out
that protonation of O, oxygen atoms causes elongation of
Mo--O, bonds, and this trend is observed in the present
structure as well: only those O, oxygen atoms that are pro-
tonated have one or both Mo-+O. bond lengths greater
than 2.3 A. An equally pronounced elongation of O,=Mo
bonds upon formation of H:+O=Mo hydrogen bonds is
also evident in Figure 3, (a). Note also that formation of
H-+-O=Mo hydrogen bonds not only elongates the M=0;
bond lengths but also compresses the frans Mo+++O. bond
length in H--O=Mo--O., H-:--O=Mo--O.H, and
H---O=Mo--OH units. Trans bond length compression of
the same type is observed for Mo-Oy, bonds upon proton-
ation by and hydrogen bonding to H22 hydrogen atoms as
well. The effect of protonation and hydrogen bonding on
bond lengths in (—-Mo-Oy-)s rings is shown in Figure 4, (a)
for peripheral [PtMogO-4]® units and Figure 4, (b) for cen-
tral [PtMogO,4]® units. As noted previously by Lee and
Sasaki,[!! protonation leads to elongation of Mo—O,, bonds,
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and only those Oy, oxygen atoms that are protonated have
both Mo-Oy, bond lengths longer than 2.0 A. Protonation
has a pronounced effect that induces a sequence of trans
bond length alternations whereas hydrogen-bonding effects
are minimal but nonetheless significant.
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Figure 3. Graphs plotting the metal oxygen bond lengths for trans-
O=Mo-+O, units in (a) crystalline 1 and (b) crystalline 2. Esti-
mated standard deviations for bond lengths in 1 and 2 are 0.003—
0.004 and 0.006-0.009 A, respectively.

Comparison of Mo—O-Mo bond angles in 1 also shows
the influence of protonation and hydrogen bonding on the
geometry of [PtMogOx4]® anions (see Table S4), an effect
noted previously by Lee and Sasakil'l and Lee and Jool?!
for hexamolybdoplatinate dimers. For O, oxygen atoms,
Mo-O.Mo angles range from 88.5(1) to 93.3(1)° for pro-
tonated oxygen atoms and from 103.8(1) to 104.2(1)° for
unprotonated oxygen atoms; for Oy, oxygen atoms, Mo—Oy—
Mo angles range from 108.2(2) to 110.9(1)° for protonated
oxygen atoms and from 115.8(2) to 121.6(2)° for unproton-
ated oxygen atoms. In other words, protonation of oxygen
atoms decreases their Mo-O-Mo bond angles by 4.9 to
15.7°, a very significant reduction considering that the esti-
mated standard deviations for individual bond angles is
0.1-0.2°. Hydrogen bonding exerts a much smaller (and
possible insignificant) influence on Mo—O-Mo angles for
unprotonated Oy oxygen atoms: Mo-Oy—Mo angles range
from 115.8(2) to 119.3(1)° for hydrogen bonded O--*H-Oy
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Figure 4. Diagrams showing the Mo-O, bond Ilengths in

[PtMo0¢O,4]%~ anions in crystalline 1 and 2. Bond lengths for the
peripheral and central anions in 1 are shown in (a) and (b), respec-
tively. Bond lengths for the peripheral and central anions in 2 are
shown in (c) and (d), respectively. Estimated standard deviations
for all of the bond lengths are <0.01 A.

oxygen atoms and from 119.9(1) to 121.6(2)° for unproton-
ated Oy, oxygen atoms which are not Oy---H-Oy, hydrogen
bonded.

Note finally that the geometry of the platinum coordina-
tion polyhedra in 1 is significantly distorted from ideal oc-
tahedral geometry insofar as it is axially compressed by
Mo-+-O, bonding (see Figure 1): the O.—Pt-O. bond angles
within the Mo(O.),Pt four-membered rings range from
82.1(1) to 83.9(1)°.

Synthesis and Structure of the [(PtMos0,4)3H;6]> and
[(PtM06024)3H]4]10_ Trimers

Analytically pure bulk [(PtMogO,4)3H;5][(C4Hg)sN]s-
[(C,Hs);NH]; was prepared by reaction of [(PtMogOs4)4-
H,[(n-C4Ho)4N]9:4H,O with a large excess of triethyl-
amine in acetonitrile solution. However, single crystals hav-
ing this composition were not be obtained. Crystallization
from acetonitrile/toluene solution yielded compound 2
which, according to a single-crystal X-ray structure deter-
mination (see below), was a solvated salt of the [(PtM0gO,4)3-
H ¢]* anion, namely, [(PtM06O4);H ][(C4Ho)4sN];[(C,Hs)s-
NH]-6CH;CN-2H,0. Crystallization from acetonitrile/di-
ethyl ether yielded a different compound denoted 3, which
contained the [(PtM0¢O54)3H;4]'% anion according to the
single-crystal X-ray diffraction study described below. The
bulk sample therefore might not contain the [(PtMo0gO54)3-
H,s]°" anion but might instead contain salts of the
[(PtM0¢O54)3H >~ and [(PtMo0gOs4)3H 4]'% anions in
equal amounts.

All of the non-hydrogen atoms in 2 were located X-ray
crystallographically, but because the quality of the diffrac-
tion data was considerably worse than the data for 1, hydro-
5081
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gen atoms could not be located. Anion protonation sites
could nonetheless be determined from protonation-induced
metal-oxygen bond length elongations of the type noted
above for compound 1: O, oxygen atoms having one or
both Mo-O, bond lengths = 2.3 A and O, oxygen atoms
having both Mo-Oy, bond lengths = 2.0 A were assumed to
be protonated. The rigorously C,-symmetric structure
shown in Figure 5 was generated using idealized hydrogen
atom positions assuming idealized sp? hybridization at Oy
oxygen atoms, idealized sp® hybridization at O, oxygen
atoms, and 0.84-A O-H bond lengths. The atom labeling
Scheme and metrical data for 2 are given in Figure S2 and
Tables S5-S7, respectively.
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Figure 5. The C, structure of the [(PtMo0gO4);H;4(H>0),]° anion
in crystalline 2. Atoms are color-coded as described in the Figure 2
caption. Idealized hydrogen atom positions were generated as de-
scribed in the text.

As shown in Figure 5, pairs of adjacent PtMo0,,%"
anions in the hexamolybdoplatinate trimer are each linked
by seven bridging hydrogen atoms of the same types ob-
served in the tetramer, namely, one H33, two H22 and four
H31 hydrogen atoms. Furthermore, the two peripheral
PtMo04O,,% anions are each bonded to an H3w hydrogen
atom, which is presumably hydrogen bonded to a water
molecule [d(O-+0) = 2.80(2) A] as in the tetramer. The ef-
fects of protonation and hydrogen bonding on Mo=0; and
Mo-O, bond lengths in 2 is shown in Figure 3, (b), where
the same trends are observed as those noted above for the
tetramer [see Figure 3, (a)]: protonation of O, oxygen atoms
lengthens Mo--O, bonds; hydrogen bonding to O, oxygen
atoms lengthens Mo=0; bonds and compresses Mo-+O,
bonds in trans O=Mo-+O units. The effects of protonation
and hydrogen bonding on Mo-O,, bond lengths in the pe-
ripheral and central PtMogO,,® units in 2 are shown in
Figure 4, (c) and Figure 4, (d), respectively. Here, proton-
ation induces sequences of bond length alternations of the
type noted above for the tetramer; hydrogen-bonding ef-
5082
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fects, although relatively small, are nonetheless evident
from small bond length elongations. As was the case for
the hexamolybdoplatinate tetramer, Pt-O bond lengths are
relatively constant with d(Pt-O) = 1.993(7)-2.028(7) A, and
O.Pt-O, bond angles within the Mo(O.),Pt four-mem-
bered rings deviate significantly from their ideal values of
90° and range from 81.1(4) to 84.3(3)°. Also, the O---O dis-
tances associated with hydrogen bonds suggest that the hy-
drogen bonds involving H33 and H31 hydrogen atoms,
where d(O--0) = 2.55(1)-2.58(1) A, are stronger than the
hydrogen bonds involving H22 hydrogen atoms, where
d(0--0) = 2.71(1)-2.77(1) A.

The X-ray diffraction data collected from crystalline 3
was of poor quality. It was possible to locate and refine all
of the metal and oxygen atoms in a PtMo40-4% trimer; five
tetra-n-butylammonium cations, three triethylammonium
cations, and ten solvent molecules could also be identified.
However, none of the hydrogen atoms, several carbon atoms
in the tetra-n-butylammonium cations, and numerous other
atoms were not located: 21% (2210 A3)[ of the unit cell
was “empty.” This space was presumably filled by disor-
dered atoms of the remaining cations and/or solvent mole-
cules. Because a total of 13 carbon atoms for the fourth and
fifth tetra-n-butylammonium cations in the asymmetric unit
of 3 could not be located from difference Fourier maps and

Figure 6. The C; structure of the {(PtMo0gO.4)3H 4[(C,Hs)s-
NH],}® anion in crystalline 3. In the triethylammonium cations,
nitrogen atoms are represented by light blue spheres, hydrogen
atoms bonded to carbon atoms by light yellow spheres, hydrogen
atoms bonded to nitrogen atoms by orange spheres, and carbon
atoms by light red spheres. The remaining atoms are color-coded
as described in the Figure 2 caption. Idealized hydrogen atom posi-
tions were generated as described in the text.

Eur. J. Inorg. Chem. 2009, 5079-5087
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each non-hydrogen atom in an organic crystal occupies an
average volume of about 17 A3,5] these missing atoms could
account for about 442 A3 (2 asymmetric units/unit cell X 13
non-hydrogen atoms/asymmetric unit X 17 A3/non-hydro-
gen atom) of this “empty” space. The additional void vol-
ume could accommodate about 104 non-hydrogen atoms,
more than enough to account for the two additional cations
required to balance the charge of a [(PtMo0gO,4)3H 4"
anion.

The structure of the [(PtMogO,4)3H 4]'" anion in 3 is
shown in Figure 6, where protonation sites were assigned
and idealized hydrogen atom positions were generated as
described above for 2. Metrical data for 3 are summarized
in Tables S8-S10. Note that the positions occupied by ter-
minally-bonded hydrogen atoms in 2 are occupied by hy-
drogen-bonded triethylammonium cations in 3, where
d(N-+0) = 2.75(2) and 2.76(2) A. The structure determi-
nation of 3 was insufficiently precise to allow for detailed
analysis of structural effects of the type noted for 1 and 2
in Figures 3 and 4.

Discussion

The idealized line drawings of the [(PtMo0sO-4),Ho]"~ di-
mer,’l the [(PtMo0gO,4)3H ]> trimer in 2 and the
[(PtM0¢O54)4H3] tetramer in 1 shown in Figures 7, 8, and
9, respectively, show how the three hydrogen-bonded oligo-
mers comprise a homologous series. In each case, nearest
neighbor [PtMogO»4]® anions are linked pairwise by seven
bridging hydrogen atoms, of which four H31 hydrogen
atoms link a triply bridging oxygen atom in one of the
anions to a terminal oxygen atom in the other, two H22
hydrogen atoms link doubly-bridging oxygen atoms, and
one H33 hydrogen atom links triply-bridging oxygen atoms.
The [(PtM0¢O-4),H-]” dimer!!! and the [(PtMo0gO54)3H 4"
trimer in 3 are also part of this series, possessing the full
complement of bridging hydrogen atoms but lacking both
terminal H3w hydrogen atoms. There is, however, an ambi-
guity in the dimer and tetramer structures insofar as both
are crystallographically centrosymmetric such that the cen-
tral H33 hydrogen atoms are apparently symmetrically
bonded to two oxygen atoms. In each case the O.~H33-O,
oxygen—oxygen distance atom is greater than 2.5 A, a value
at odds with the shorter distances normally associated with
symmetric hydrogen bonds.[®8! This suggests the presence
of “apparently symmetric”®! hydrogen bonds, that is, un-
symmetric hydrogen bonding where crystallographic disor-
der or fluxional behavior yields a centrosymmetric structure
when in fact, the hydrogen bond is unsymmetric,['%!!l the
position adopted by Lee and Sasakil'l and by Lee and
Joo.P! The same considerations apply to the H3w hydrogen
atoms in [(PtMogO,4)sH»3]°, where d(O-+0) = 2.599 A,
and this ambiguity implies an ambiguity in the formulation
of compound 1 as either [(PtMo0O24)sH»3][(C4Ho)4N]o:
4H,0-4CH;CN  or  [(PtM04024)4H»1][H50,][(C4Ho)4N]o*
4CH;CN (see above).

Eur. J. Inorg. Chem. 2009, 5079-5087
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The metrical data available for the platinomolybdate tri-
mer and tetramer provide detailed information regarding
the effect of protonation and hydrogen bonding on the Ds4-
symmetric [PtMogO;]®" anion (see Figure 1). Data pre-
sented in Figure 3 raise an interesting possibility for hydro-
gen bonding in these species, namely, cooperative (and an-
ticooperative) hydrogen bonding. Comparison of the data
for (trans) O=Mo-O-~H units and H--O=Mo--O-H
units shows that hydrogen bonding to O, oxygen atoms not
only increases the O;=Mo bond length but also decreases
the Mo-++O, bond length, presumably weakening the O —H
bond and creating a better hydrogen-bond donor, a poten-
tially cooperative effect. A similar effect is observed for the

Figure 7. Line drawing of the [(PtMo040O,4),Ho]”~ dimer. Metal—oxy-
gen bonds are represented as described in the Figure 1 caption,
short (“covalent”) hydrogen—oxygen bonds are represented by sin-
gle lines, and long hydrogen—oxygen bonds (“hydrogen bonds”) are
represented by dashed lines. Hydrogen atoms are color-coded as
described in the Figure 2 caption.

Figure 8. Line drawing of the [(PtM0g0,4):H¢]* trimer. For expla-
nation of the bonding scheme see the Figure 7 caption; for explana-
tion of the hydrogen atom coloring scheme, see the Figure 2 cap-
tion.

5083
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O;=Mo-*O.*H units, where hydrogen bonding to O; ren-
ders the O, oxygen atoms poorer hydrogen-bond acceptors,
a potentially anticooperative effect. Because the X-ray crys-
tallographically-determined hydrogen atom positions are
unreliable, these effects are not observable in the present
study but might be confirmed by spectroscopic measure-
ments. Note also that the H3w oxygen atoms in the dimer,
trimer, and tetramer structures in principal have three O,
oxygen atoms as potential protonation sites, but in each
case protonation occurs at the unique O, oxygen atom trans
to only Mo=0; (as opposed to Mo=0O+-H) groups, pre-
sumably because hydrogen bonding decreases the O, atom
basicity. Another type of trans effect is observed for trans
Op—Mo-0Oy, units, where sequences of trans bond length
alternations are observed upon protonation of O, oxygen
atoms (see Figure4). A similar trend was noted for the
[IMo0¢O,4]°~ anion upon protonation of its O, oxygen
atoms.['?!

Figure 9. Line drawing of the [(PtMo040-4)4H»3]° tetramer. For ex-
planation of the bonding scheme see the Figure 7 caption; for ex-
planation of the hydrogen atom coloring scheme, see the Figure 2
caption.

Formation of the homologous series of hydrogen-bonded
oligomers shown in Figures 7, 8, and 9 is possible because
two different types of oxygen atoms, the O, and Oy, oxygen
atoms, have comparable basicities and can both serve as
protonation sites. The relative basicities of the Oy, and O,
atoms is largely determined by the oxidation state of the
5084
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heteroatom in 1:6 heteropolymolybdates: the [IVIL-

MogO-,H]> and [IY"™o040,4H,]* anions are protonated
at O, oxygen atoms,!'?l the [M"MoO,Hg]* and [M'"L-
MogO,,4Hg]* anions are protonated exclusively at O, oxy-
gen atoms,!'3! and [Pt'VMo40,4H,]® "~ anions are proton-
ated at both O, and O, oxygen atoms.!!>1418] Expansion
of the present family of hydrogen-bonded platinomolybdate
aggregates to include other 1:6 heteropolymolybdates and
-tungstates!'?! should therefore be possible through proper
choice of the heteroatom oxidation state.

Experimental Section

Reagents, Solvents, and Analytical Procedures: Water was deionized
using a Barnstead Nanopure II water purification system. Plati-
num(II) chloride, potassium molybdate, 85% potassium hydroxide
pellets, calcium hydride, hydrochloric acid, nitric acid, ethanol, tol-
uene, and diethyl ether were obtained from commercial sources and
used as received without further purification. Acetonitrile was
stirred over CaH, prior to use. Tetrabutylammonium bromide (Al-
drich) was recrystallized from a saturated aqueous solution cooled
to 0°. Triethylamine (Aldrich) was refluxed over CaH, and distilled
from CaH, immediately prior to use. Infrared spectra were re-
corded on a Perkin-Elmer Series 1600 FT-IR spectrometer. Ele-
mental analyses were performed at the University of Illinois Micro-
analytical Laboratory.

Preparation of H,PtClg:!'") WARNING! Aqua regia is extremely
corrosive and should be used in the back of a fume hood. An aqua
regia solution was prepared by adding 75 mL of concd. HNO; to
225 mL of conced. aqueous HCI contained in a 500 mL round-bot-
tomed flask. The flask was placed in an silicone oil bath, the flask
was fitted with a water-cooled glass condenser, and the oil bath
was heated to 75°C. As the solution began to turn brown and
bubble, 10 g PtCl, was added by stepwise with stirring over a period
of 5min. A clear solution was obtained by refluxing this mixture
in a 115 °C oil bath for 2 d. The orange-brown solution was filtered
through Whatman 42 filter paper, poured into a 400 mL beaker,
and evaporated down to a volume of about 10 mL on a hot plate,
making sure not to evaporate so much water that precipitates were
formed (solid H,PtClg is susceptible to decomposition at elevated
temperatures). Then 30 mL of concd. HCI were added, causing gas
evolution, and the volume was once again reduced to about 10 mL
by evaporation on the hot plate. This acidification/evaporation pro-
cedure was repeated until gas evolution was no longer observed
upon acidification; two or three repetitions usually sufficed. The
orange solution was then removed from the hot plate. An orange
crystalline mass of H,PtClg formed upon cooling the solution to
ambient temperature.

Preparation of K,Pt(OH)4:?*2!1 A Teflon® beaker was filled with
350 mL of 6 M aqueous KOH, and the H,PtCls sample prepared
above dissolved in 200 mL water was added, forming a yellow solu-
tion and a yellow precipitate. The mixture was heated on an oil
bath with stirring at 95 °C for 18 h, and its volume was maintained
by adding water periodically. The yellow-orange solution gradually
became yellow-green as all the precipitate dissolved. The resulting
solution was then cooled to room temperature. A 100 mL portion
of the solution was poured into a polyethylene beaker and 150 mL
of ethanol was added over the course of about 2 min with stirring.
The yellow precipitate which formed was collected by vacuum fil-
tration through a medium glass frit and washed with 30 mL water
followed by 30 mL ethanol. The procedure was repeated (scaled for
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the 50 mL portion) until all of the platinum solution had been used,
and 14.7 g total of a light yellow powder was obtained. Crystalline
K,Pt(OH)¢ was obtained by dissolving 1 g of the crude product in
18 mL 4 M aqueous KOH in a Nalgene® beaker at room tempera-
ture and slowly evaporating the solution in a dessicator over KOH
until yellow cubic crystals were obtained. In order to minimize
cocrystallization of KOH, crystals were collected after about 6 mL
of water had evaporated (after about 1 d). Crystals were collected
by filtration, washed with 5 mL of ice-cold water, and dried under
vacuum, yielding 800-900 mg of purified material. A total of 12.1 g
of K,Pt(OH)s (82% yield) was collected in this fashion.

Preparation of [(PtMosO,4)4Hys)[(7-C4Ho)4N]o'4H,0: A solution
of K,Pt(OH)g (1.00 g , 2.66 mmol) in 133 mL water was prepared
in a Nalgene® beaker. Another solution of K,MoO, (3.807 g;
15.98 mmol) in 133 mL water was prepared in another Nalgene®
beaker, and the two solutions were combined. The resulting yellow
solution was stirred for 1 h and filtered by pouring through a plas-
tic syringe packed with glass wool. The solution was then acidified
to pH 2.32 by rapid addition of 30 mL 1 m (30 mmol) aqueous
HNOj;, which caused the solution to turn a deep yellow then light
yellow, followed by dropwise addition of 4.4 mL 1M (4.4 mmol)
aqueous HNOj;. This solution was stirred for three hours and again
filtered by pouring through a plastic syringe packed with glass
wool. Next, tetrabutylammonium bromide (2.14 g, 6.63 mmol) was
added to the solution with stirring, immediately forming a precipi-
tate, which was collected by vacuum filtration through a fine glass
frit. After washing with 20 mL water and 20 mL diethyl ether,
2.51 g of a light tan solid was collected. The crude product was
purified by dissolving in 5 mL acetonitrile, removing insoluble par-
ticles by filtration through a fine glass frit, and reprecipitating with
20 mL diethyl ether. A yellow solid (2.01 g) was collected after
washing with diethyl ether and was dried in air on a vacuum filter.
Crystals were obtained by dissolving 0.500 g of this material in
2 mL acetonitrile, adding 1 mL diethyl ether, and storing at 0 °C
for 1-2 d until yellow needle-shaped crystals appeared. 1.09 g of
crystalline product (24% yield based on Pt) was collected in total.
The final product was very soluble in acetonitrile (0.1 m), slightly
soluble in dichloromethane, and insoluble in chloroform.
C144H355M0,54NoO0oPt, (6896.27): caled. C 25.08, H 5.19, N 1.83,
Pt 11.32, Mo 33.39; found C 25.19, H 4.98, N 1.88, Pt 11.15, Mo
33.58. IR (KBr pellet, 1000-450 cm™): ¥ = 950 (s), 923 (s), 904 (s),
880 (s), 802 (w), 710 (s), 681 (m), 634 (s), 563 (m), 525 (m).

Preparation of [(PtMog0,4)sH;s][(C4Ho)4N]6l(C2Hs)3sNH]5: A sam-
ple of [(PtMo040,4)4H2;3][(7-C4Ho)4N]o*4H,O (250 mg, 0.022 mmol)
was dissolved in 1mL acetonitrile. 5.10 pL triethylamine
(0.022 mmol) was added to the solution with stirring every five
minutes until 23 equiv. had been added. A slight yellow precipitate
formed after 10 equiv. had been added. The solution was filtered
through a fine glass frit, and 10 mL ether was added to the yellow
filtrate, causing formation of a yellow precipitate which was col-
lected by vacuum filtration through a fine glass frit. After drying
under vacuum, 0.144 g of a light yellow solid was obtained. Yellow
crystals were obtained by slow diffusion of diethyl ether into solu-
tions containing 0.032 g of the crude product in 2 mL acetonitrile.
Crystals obtained in this fashion were collected on a glass filter
frit, air dried for 18 h, and combined to give a total of 0.087 g
product in 47% yield based on Pt. C;;4H>70M0;3NyO7,Pts
(5240.64): caled. C 26.12, H 5.37, N 2.41; found C 25.87, H 5.14,
N 2.37. IR (KBr pellet, 1000450 cm™'): ¥ = 942 (m), 918 (s), 902
(s), 876 (m, sh) 702 (s), 635 (s), 581 (m), 563 (m), 527 (m).

X-ray Crystallography: Crystalline 1 was obtained by following the
initial steps of the preparation of [(PtMo0gO,4)4H»3][(7-C4Hg)4N]o
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4H,0 given above but using 38 as opposed to 13 equiv. of nitric
acid and crystallizing the crude precipitate from acetonitrile/tolu-
ene by dissolving 0.150 g in 5 mL acetonitrile, filtering the solution
through a fine glass frit to remove a small amount of insoluble
material, adding 5 mL of toluene, and capping the vial. Yellow,
needle-shaped crystals were observed on the bottom of the vial
after six days at ambient temperature. Crystalline 2 was obtained
as described above in the preparation of [(PtMo0gO,4)3Hs][(C4Ho)4-
NJ¢[(C,Hs);NH];. Crystalline 3 was obtained by dissolving 0.045 g
of crude product from the preparation of [(PtM0gO-4);H5][(C4Ho)4-
N]6[(C,Hs);NH]; in 3 mL of acetonitrile, adding 5 mL of toluene,
and shaking the solution to dissolve the small amount of precipi-
tate that formed. Crystals were formed after three days.

Crystallographic information for all three structures is given in
Table 1. Full hemispheres of diffracted intensities (1850 frames with
an o scan width of 0.30°) were measured for single-domain speci-
mens of all three compounds using graphite-monochromated
Mo-K,, radiation (4 = 0.71073 A) on a Bruker SMART APEX
CCD Single Crystal Diffraction System using Bruker SMART Ver-
sion 5.054 software. Frame counting times and the number of peak
centers used to determine final lattice constants and orientation
matrices for each crystal are given in Table 1. X-rays for each study
were provided by a fine-focus sealed X-ray tube operated at 50 kV
and 30 mA or 35 mA. Integrated reflection intensities for all struc-
tures were produced using the Bruker SAINT Version 6.01 soft-
ware. The data sets were corrected empirically for variable absorp-
tion effects using equivalent reflections.’?l The Bruker software
package SHELXTL was used to solve each structure using “direct
methods” techniques. All stages of weighted full-matrix least-
squares refinement were conducted using F,>%.

The final structural model for 1 incorporated anisotropic thermal
parameters for all non-hydrogen atoms and isotropic thermal pa-
rameters for all hydrogen atoms of the anions, tetra-n-butylammo-
nium (TBA) cations, and acetonitrile solvent molecules. Hydrogen
atoms were not included for the water molecules. The twelve inde-
pendent hydrogen atoms for the tetrameric anion in 1 were located
from a difference Fourier map and included in the structural model
as independent isotropic atoms whose parameters were allowed to
vary in least-squares refinement cycles. All methyl groups for the
cations and acetonitrile solvent molecules in 1 were incorporated
into the structural model as rigid groups (using idealized sp>-hy-
bridized geometry and a C—H bond length of 0.98 A) with a “stag-
gered” orientation. The remaining hydrogen atoms in 1 were in-
cluded into the structural model as idealized atoms (assuming sp>-
hybridization of the carbon atoms and a C-H bond length of
0.99 A). The isotropic thermal parameters of all cation and solvent
hydrogen atoms for 1 were fixed at values 1.2 (nonmethyl) or 1.5
(methyl) times the equivalent isotropic thermal parameter of the
carbon atom to which they are covalently bonded.

The final structural models for 2 and 3 incorporated anisotropic
thermal parameters whenever possible for non-hydrogen atoms of
the anions. When anisotropic thermal parameters for an oxygen
atom in the anions of 2 and 3 refined to physically unreasonable
values, mild restraints were imposed or an isotropic thermal param-
eter was utilized in the refinement. Mild restraints were placed on
the anisotropic thermal parameters for anion oxygen atoms Olla,
Ol6a and O26a in 3. Isotropic thermal parameters were used for
the non-hydrogen atoms of the disordered triethylammonium
(TEAH) cation and solvent atoms C5s, C6s and Olw in 2 and the
following non-hydrogen atoms in 3: C413, C414, C422, C423, and
C424 for the fourth cation; N5, C511, C512, C513, C521, C531,
and C532 for the fifth cation; all five non-hydrogen atoms for the
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Table 1. Crystal, collection and refinement data for 1-3.

1

2

3

Empirical formula
Formula weight

Cr6Hs3.50M012N6 s050Pty
3530.25

Crystal system monoclinic
Space group C2/c-Cy8 (No.15)
a[A] 36.760(3)

b [A] 18.187(1)
c[A] 38.027(2)
a[°] 90.000

BI°] 92.049(2)
y[° 90.000

V [A3] 25407(3)

VA 8

dcal(g:d [g Cmis] 1.846

A (A) 0.71073

T [K] 193(2)
F(000) 13960
Absorption coefficient [mm™] 3.41
Absorption correction Multi-scan
Max., min. transmission 1.000, 0.792
Frame time [s] 10

Peak centers for lattice constants 7996

0 range [°] 5.34-29.38
Reflections collected 105749
Independent reflections/R;,, 32505/0.044
% Completeness 92.8
Data/restraints/parameters 32505/0/1350
Ry (obsd); wR,(all)al 0.039; 0.092
GOF (F) 0.948

Ci30H306M015N14074Pt5
5562.08

C112H275Mo01sN13076 Pts
5332.64

monoclinic triclinic
C2/¢-Cyf (No.15) P1-Ci' (No. 2)
21.918(3) 18.821(2)
31.919(5) 20.372(2)
30.265(5) 30.381(3)
90.000 89.625(2)
90.347(2) 85.167(2)
90.000 64.272(2)
21173(5) 10451(2)

4 2

1.745 1.695
0.71073 0.71073
193(2) 193(2)
11064 5272

3.08 3.11
Multi-scan Multi-scan
1.000, 0.629 1.000, 0.380
60 30

8315 8558
3.76-24.15 3.87-24.00
71163 48961
16864/0.090 30615/0.083
99.5 93.3
16864/26/1042 30615/35/1783
0.074; 0.223 0.097; 0.290
1.001 1.092

[a] Ry = X ||Fo| — |FVZ |Fol; wRy = {Z w(Fy? — FOPIZ w(F) 112

diethyl ether molecule; and the oxygen atoms for all three water
molecules. The following non-hydrogen atoms in 3 could not be
located from difference Fourier maps: five carbon atoms for the
fourth TBA cation and eight carbons for the fifth TBA cation.

A free variable representing the length of a C-C single bond was
included in the refinements for 2 and 3 to restrain selected segments
of the TBA and TEAH cations. The TEAH cation in 2 is disor-
dered about the crystallographic C, axis at —1/2, y, 1/4 in the unit
cell; nitrogen atom NS lies on the C, axis. The ethyl arms of this
TEAH cation are therefore disordered. The values of 8 C—C and 4
N-C bond lengths and 14 tetrahedral angles in this TEAH cation
and one TBA cation of 2 were restrained by requiring pairs of non-
hydrogen atoms to have separations near idealized multiples of this
free variable. This free variable refined to a final value of 1.498(2) A
for 2. The values of 7 C—C and 4 N-C bond lengths and 6 tetrahe-
dral angles in two TBA cations of 3 were similarly restrained to
appropriate multiples of this free variable. This free variable refined
to a final value of 1.600(5) A for 3.

Hydrogen atoms were incorporated at idealized sp>- or sp3-hy-
bridized positions with an O-H bond length of 0.84 A for the tri-
meric anions in 2 and 3. All methyl groups for the TBA and TEAH
cations as well as the CH;CN and diethyl ether solvent molecules
in 2 and 3 were incorporated into the structural model as rigid
groups (using idealized sp*-hybridized geometry and a C—-H bond
length of 0.98 A) with a “staggered” orientation. The remaining
cation and solvent (except water) hydrogen atoms were included
into the structural model as idealized atoms (assuming sp3-hybrid-
ization of the carbon and nitrogen atoms and N-H and C-H bond
lengths of 0.93 and 0.99 A, repectively). The isotropic thermal pa-
rameters of all hydrogen atoms for 2 and 3 were fixed at values 1.2
(nonmethyl) or 1.5 (methyl) times the equivalent isotropic thermal
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parameter of the carbon, nitrogen or oxygen atom to which they
are covalently bonded.

CCDC-74628 (for 1), -74629 (for 2), and -74630 (for 3) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Figure S1-S3, Tables S1-S10.
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